Lightweight linear cellular composite materials on basis of austenite stainless TRIP-(TRansformation Induced Plasticity-) steel as matrix with reinforcements of MgO partially stabilized zirconia (Mg-PSZ) are described. Two-dimensional cellular materials for structural applications are conventionally produced by sheet expansion or corrugation processes. The presented composites are fabricated by a modified ceramic extrusion powder technology. Characterization of the microstructure in as-received and deformed conditions was carried out by optical and scanning electron microscopy. Magnetic balance measurements and electron backscatter diffraction (EBSD) were used to identify the deformation-induced martensite evolution in the cell wall material. The honeycomb composite samples exhibit an increased strain hardening up to a certain engineering compressive strain and an extraordinary high specific energy absorption per unit mass and unit volume, respectively. Based on improved property-to-weight ratio such linear cellular structures will be of interest as crash absorbers or stiffened core materials for aerospace, railway, or automotive applications.
Introduction
In the last two decades the manufacturing and use of composite materials and cellular designs, which acquired their crashworthiness by pursuing a novel concept, mostly based on an artificial replica of the nature's light weight constructions, have gained enormous importance [1] [2] [3] [4] [5] .
Porous materials, such as metal foams, hollow sphere agglomerates, or honeycomb structures, are well known for their excellent stiffness-to-weight ratio and high energy absorption according to their three-dimensional or twodimensional cell topologies. The wide variety of mechanical and physical properties makes them useful in sandwich panels, impact energy absorption, or acoustical wave attenuation [6] . Rabiei et al. [7, 8] have generated a new type of crashabsorbing foam based on steel hollow spheres in random dense arrangement whose interstitial spaces are closed by filling with stainless steel powder and final sintering. During quasistatic compression this stainless steel foam achieved an average plateau stress of 136 MPa and a specific energy absorption of 68 MJ m −3 at 50% strain. Closed cell steel foams, synthesized by mixing and compacting Fe-2.5C powder with MgCO 3 or SrCO 3 as foaming agents and final heating for gas expansion, were presented by Park and Nutt [9] . The material with a density of 3.4 g cm −3 showed a specific energy absorption of about 44 MJ m −3 at the same strain level.
Metallic honeycomb structures are conventionally fabricated in two different ways; either thin sheets of metal or polymers are bent to flexible profiles which are finally strip bonded and expanded or corrugated, stacked, and welded to an assembly [10] [11] [12] . Stainless steel squarehoneycombs manufactured by strip slotting process are introduced by Côté et al. [13] and Radford et al. [14] , respectively. Baker et al. [15] studied the material behavior of corrugated 304 stainless steel honeycomb structures with a global density of 2.9 g cm −3 and a sheet thickness of 381 μm under quasistatic and dynamic compression. Specific energy absorption of 70 and 90 MJ m −3 at 40% strain could be observed [15] . However, the stamping or crimping process is generally limited to only uniform hexagonal hollow structures.
Integrating fine dispersed ceramic particles into the ductile metal matrix, failure-tolerant and wear-resistant metal matrix composites (MMCs) can be generated. With the combination of Y-PSZ and high-alloyed TRIP-steel as matrix by hot pressing, Guo et al. [16, 17] achieved compressive strengths of about 1400 up to 2100 MPa with respect to dynamic high-rate deformation.
In a previous research, Aneziris et al. [18] modified a conventional ceramic extrusion technology to create filigree honeycomb designs based on Mg-PSZ-reinforced austenite TRIP-steel matrix composites. With the application of this technology, novel two-dimensional cellular composites are realized, revealing superior energy absorption, corrosion, and wear resistance. The presented material can be assigned to a unique class of material concentrating on metastable austenite TRIP-steel with Mg-PSZ, the so-called TRIPmatrix composites (TRIP-MCs).
Biermann et al. [19] used the conventional cold isostatic pressing (CIP) route in order to manufacture compact rods of the same precursor compositions. The particle-reinforced TRIP-steel/zirconia composites exhibited higher compression and bending strengths compared to the zirconia-free reference samples. Furthermore, the extruded honeycomb composite materials were studied with respect to energy absorption behavior and microstructure evolution during out-of-plane (perpendicular to the cell plane) compressive deformation. The highest energy absorption achieved by an unreinforced TRIP-steel honeycomb prototype was 143 MJ m −3 . The present work includes the improvement of mechanical properties and energy absorption efficiency of cellular TRIP-MC using a new composition based on a more finegrained steel powder and identical zirconia powder. The buckling behavior of the honeycomb channel structure and the internal microstructure evolution within the cell walls after compression will be described in detail as in the papers published previously [18, 19] .
Experimental Procedure
In order to fabricate elongated products with various crosssectional shapes the ceramic extrusion technique offers high potential for industrial application.
A previous research has successfully implemented the powder metallurgical method of ceramic extrusion to realize cellular honeycomb specimens with linear channel arrangement [20] .
The processing route started with preparing the plastic feedstock by directly batching and mixing the raw materials including plasticizers and water in a conventional single sigma-baking mixer. The desired square-cell macrostructure of the material was achieved by plastic molding in a piston extruder under a pressure ranging from 10 to 11 MPa at room temperature. The cellular extrudates exhibited a crosssectional area of 25.5 × 25.5 mm 2 with in-plane array of 196 channels (196 cpsi-channels per square inch) and a wall thickness of nearly 250 μm. After the shape fabrication step, square samples (25.5 × 25.5 × 25.5 mm 3 ) were cut and dried in an air circulated dryer for 12 h (40
• C for 6 h, humidity 80%, followed by 90
• C for 6 h, humidity 5%). The debindering process was carried out at 350
• C for 90 m in air atmosphere. Before sintering at 1, 350
• C for 2 h in an electrical tube furnace with MoSi 2 heating elements and 99.9% Argon atmosphere, the binder-free samples were placed in an alumina crucible and protected against O 2 contamination by a Ti-gasketing [18] .
Nearly net-shaped honeycomb structures with Mg-PSZ contents of 0, 2.5, 5, and 10 vol.% (denoted as 0 Z, 2.5 Z, etc.) were produced. It has to be noted that the conditions 5 Z and 10 Z were based on AISI 304 steel powder with a median particle size d 50 of about 45 μm, whereas the series 0 Z and 2.5 Z were prepared with a more fine-grained steel powder (d 50 ≈ 27 μm). Although the binder system (incl. dispersant, tenside, plasticizer, etc.) and the zirconia powder were identical to the precursor materials, described in [18, 19] , the conditions 0 Z and 2.5 Z appeared to exhibit a stiffer channel network with clearly linear contours than the materials of the previous investigations after final sintering step.
Compression tests of the sintered samples in the outof-plane direction, that is, normal to the cross-sectional honeycomb plane (cf. X 3 -loading direction in Figures 3 and  4) , were carried out at a 500 kN servohydraulic universal testing machine type MTS 880 with a displacement rate of 0.016 mm s −1 (viz., 8-9 × 10 −4 s −1 ) in order to detect the influence of zirconia reinforcement on the stress-strain behavior. The specific energy dissipation in the form of plastic deformation was determined by calculating the area under the load-displacement curves up to accurately defined deformation degrees, normalized to mass or volume of the composite sample (denoted as specific energy absorption SEA) [21] . Representing the mechanical response of each material condition, the test series included three cubed specimens with different composition.
Results and Discussion
Before testing, all samples were characterized in terms of average linear shrinkage and open porosity (see Table 1 ) applying multiple runs of density measurements according to Archimedes principle. Due to the different shrinkage behavior during sintering, the obtained overall densities of the honeycomb structures differ between 2.7 and 3.0 g cm −3 . The microstructure of an as-received extrudate is shown in Figure 1 . After wet etching with the acid solution Beraha • C did not allow the zirconia particles to sinter to a close-packed assembly, thus some polyhedral pores are visible. Figure 2 presents the true compression stress versus plastic compressive strain curves of the four material conditions, starting at 0.2% offset of the yield strength. The measured differences in the true stress-strain curves will be explained with regard to structural behavior and microstructure changes.
As it is known from previous studies [18, 19] , compressive stress at yield rises with increasing volume content of zirconia. The yield stress value of specimen with 10 vol.% zirconia is about 45% higher than the pure TRIP-steel specimen (cf. Figure 2) . The conditions with a Mg-PSZ content of 0 and 2.5 vol.% show similar strain hardening behavior, considering that the relatively small zirconia reinforcement results only in slightly higher compression stress values. The maximum compression stress of total test series was sustained by the samples according to condition 2.5 Z. In contrast, the specimens reinforced by 5 and 10 vol.% zirconia exhibit a lower strain hardening. As already mentioned in previous chapter, design and stiffness of these prototype materials appeared to be not well comparable to the conditions 0 Z and 2.5 Z based on fine-grained austenite steel powder. As a consequence of this imperfection, the structure was unable to sustain higher compression stresses. Moreover, the measured decrease in compression stresses especially at higher deformation degrees can be additionally explained by the rearrangement of zirconia particles in elongated clusters, crack formation on the interface regions of ceramic clusters and the steel matrix, or at residual pores remained after the sintering process. These microstructure phenomena are also demonstrated in the specimen reinforced with 2.5 vol.% zirconia (see Figures 3(a) and 3(b) ).
In summary, honeycomb samples with Mg-PSZ contents of 5 and 10 vol.% offer a higher strength level than the zirconia-free sample just up to about 10% and 13% compressive strain, respectively. After passing the maximum true compression stress of about 235 ± 5 MPa, the stress is reduced because of intense material damage.
The condition with Mg-PSZ fraction of 2.5 vol.% achieved the highest specific energy absorption with a value of approximately 170 MJ/m 3 at 50% engineering strain. Regarding lower deformation degrees, the composite materials with higher zirconia fractions absorbed more energy than the unreinforced TRIP-steel, due to its higher yield stresses. Typically, SEA values are presented for 20% and 50% engineering strain, for example, before the densification within cellular material occurred; see Table 2 .
The deformation and collapse behavior of the twodimensional channel structure can be described as follows. After exceeding the offset yield strength the cell walls in the middle of the sample are subject to plastic buckling and shear crushing mechanisms. Our investigations on samples compressed up to high strain values, approximately 60%, revealed a high density of deformation zones (see Figure 4(b) ). The highest strain concentration and martensite formation were noticed in the honeycomb core. Magnetic balance measurements of these crushed sections revealed a ferromagnetic phase content of about 60 vol.%. The cell walls toward the lateral edges of sample, including the outer skin, deform basically by bending and little extension across their total geometry. Therefore, the studied honeycomb prototype exhibits global buckling of its total structure (see Figure 4 (a)) and successive failure of selected walls (cf. Figure 4(b) ) but no progressive buckling in terms of multiple folds, as predicted by McFarland [22] and Wierzbicki [23] for similar honeycomb materials. The manufacturing of a relatively close-packed cellular design with high wall thickness t and a high ratio of wall thickness t to cell length l (t/l) results in the prevention of the folding mechanism in the presented square-celled structures. Furthermore, the height-to-width ratio of the test specimen can also have an effect, as proven for cylindrical tubes under quasistatic loading by Andrews et al. [24] . In our study, the strain hardening behavior of the austenite TRIP-steel matrix (as observed by Jing et al. [25] ) and the rearrangement of zirconia particles in elongated clusters during deformation influence the nature of the plastic collapse in these composite materials, too. The optical images, presented in Figure 3 , are taken from the largely deformed central region of the cross-section (Figure 3(a) ) and the longitudinal section (Figure 3(b) ) of the sample 2.5 Z. Due to the localized deformation in the cell walls and the agglomeration of zirconia particles, inhomogeneous slip band formation and martensite transformation were observed. Both micrographs indicate regions of highly deformed austenite grains (uncolored) containing a network of close-packed slip bands and martensite lenses as well as extremely distorted grains which are completely transformed to compact plates of bcc martensite (cf. brown-colored regions in Figure 3 ). It could be noted that intense martensite formation occurred predominantly in the immediate vicinity of delta ferrite, situated on grain boundaries (indentified as blue-colored particles in Figure 3 ) and at elongated zirconia clusters (see Figure 3(b) ). Additionally, martensite transformation can also appear near cracks as consequence of high local stress concentrations during compressive deformation (Figure 3(a) ).
Investigations on microstructure using SEM in combination with EBSD revealed nontransformed regions of austenite and also several slip bands containing bcc martensite. In Figure 5 , the austenite is shown in grey color, pores and high angle grain boundaries are shown in black color, and bcc martensite is shown in blue. Magnetic balance examination after interrupted compression tests on zirconia-free samples revealed that the ferromagnetic phase content increased gradually with respect to low deformation degrees. However, above approximately 25% compressive strain a steep rise of the bcc martensite phase fraction was measured.
For the first time, a composite honeycomb structure was created offering superior ductility and high energy absorption not only up to low strains but also up to high compression degrees. Consistent with the total series of experiments the specimens, containing as little as 2.5 vol.% zirconia, already revealed a small strengthening effect due to particle reinforcement. Furthermore, the present TRIP-MC condition 2.5 Z provides an increase of energy absorption per unit volume of approximately 19% compared to the zirconiafree condition produced on basis of the coarse TRIP-steel powder feedstock (listed in the lower part of Table 2 ), mentioned in [19] . In order to substantiate the effect of particle reinforcement with respect to the compressive flow behavior of these honeycomb structures, it is necessary to carry out a larger test series based on different reproducible material compositions ensuring identical process parameters and raw materials. 
Conclusions
The powder metallurgical route of ceramic extrusion has been applied to realize a filigree honeycomb design based on austenite stainless TRIP-steel and TRIP-steel/zirconia composite (TRIP-MC) materials. The main results and advancement of the present research are the following.
(i) The square-celled honeycomb structures fabricated by the plastic molding technique show high ductility under compressive loads in the out-of-plane direction. The composite specimens with zirconia content of 5 and 10 vol.% sustained a maximum compression stress at a strain level up to 10 and 13%, respectively. By the use of fine-grained steel powder and changed composition based on 2.5 vol.% Mg-PSZ a slight increase in compression strength, but a linear strain hardening, similar to that of the unreinforced condition, could be realized. Furthermore, this cellular composite structure was not subject to a significant strength decrease associated to local material damage. (ii) The specimen with a zirconia fraction of 2.5 vol.% revealed the highest specific energy absorption. In this study, the investigated cellular TRIPsteel/zirconia composite material based on 2.5 vol.% Mg-PSZ achieved a specific energy absorption of 56 kJ kg −1 and 170 MJ m −3 , respectively.
(iii) Consistently, all samples studied in this topic show extensive formation of strain-induced martensite.
